Introduction
============

Colorectal cancer (CRC) is one of the most common malignancies diagnosed in both males and females.^[@bib1]^ At present, surgical resection of the tumor and adjuvant treatment with chemotherapeutic agents remain the primary choice for treatment. However, 45% of patients still die after surgery because of distinct metastases.^[@bib2]^ EGFR-specific monoclonal antibodies, such as cetuximab and panitumumab, and EGFR signaling pathway inhibitors are the most effective and widely used drugs for the treatment of CRC patients.^[@bib3],\ [@bib4]^ Nevertheless, anti-EGFR treatments are ineffective for a substantial proportion of CRC patients, indicating the heterogeneity of colonic tumors and the urgent need to develop new drug targets for CRC.^[@bib5]^

Serum- and glucocorticoid-inducible kinase 1 (SGK1) was originally isolated from a screen for transcripts induced by glucocorticoids and serum in a mammary tumor cell line.^[@bib6]^ There are two closely related paralogs, SGK2 and SGK3, which share 80% amino-acid identity with SGK1 in their catalytic domains.^[@bib7]^ SGK1 has been shown to be regulated by multiple factors, including the tumor suppressor protein p53, growth factors and various cellular stressors, such as DNA damage, cell shrinkage and oxidative stress.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ As a member of the AGC kinase family, SGK1 phosphorylates a variety of proteins, including core components of signal pathways that play important roles in multiple cellular processes, such as cell growth, proliferation, survival and apoptosis. Proteins that promote cell growth and inhibit apoptosis are frequently involved in cancer development.^[@bib13]^ Significant upregulation of SGK1 was reported in several tumors.^[@bib14]^ SGK1 promoted cell growth of prostate cancer cell lines^[@bib15]^ and presumably mediated cell survival in cholangiocarcinoma and kidney cancer cells.^[@bib16],\ [@bib17],\ [@bib18]^ In addition, SGK1 promotes cancer cell proliferation through multiple pathways, including the forkhead transcription factor Foxo3a/FKRHL1, c-fms, p27 and NF-KB.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ Moreover, SGK1 interferes with the signaling of membrane androgen receptors, which stimulate apoptosis of prostate tumor cells and protect against tumor growth.^[@bib23]^ Although previous studies have reported that intestinal tumor growth depended on SGK1 expression in APC-deficient mice,^[@bib24]^ and a SGK1 inhibitor promoted radiation-induced suicidal death of colon tumor cells,^[@bib25]^ the cellular role and molecular mechanisms of SGK1 in colorectal cancer *in vitro* and *in vivo* have not yet been elucidated.

P27, a cyclin-dependent kinase inhibitor, suppresses cell proliferation by regulating G1/S-phase transition.^[@bib26],\ [@bib27]^ As a tumor suppressor, p27 is mislocalized, and its expression levels are reduced in most human cancers, although p27 is rarely mutated or deleted in cancers.^[@bib28]^ Regulation of p27 activity by SGK1 has been investigated in human melanoma cell lines.^[@bib22]^ However, their relationship with colorectal cancer pathogenesis is not clear. Here we provide direct evidence that SGK1 plays vital roles in the development of CRC *in vitro* and *in vivo*. The present study also demonstrated that SGK1 promotes colonic tumor cell proliferation and migration and inhibits 5-fluorouracil (5-FU)-induced colonic tumor cell apoptosis. We also showed that the decreased expression and increased nuclear accumulation of p27 are responsible for SGK1-induced CRC cell proliferation. Importantly, therapeutic inhibition of SGK1 suppressed colorectal cancer development, indicating that inhibition of SGK1 might be a novel strategy for the treatment of CRC.

Materials and methods
=====================

Patients and clinical specimens
-------------------------------

Fifty-nine patients with histologically confirmed colorectal adenocarcinoma who had undergone surgery at Shanghai Tongji Hospital were recruited in this study. Ethical approval for the tissue collection protocol was obtained from the research ethics committee of Shanghai Tongji Hospital. Written approval consent forms were obtained from all patients before surgery. Peri-tumor and tumor samples were obtained, snap-frozen at liquid nitrogen and stored at −80 °C.

Animals
-------

Six-week-old immunodeficient nude mice (BALB/c-Nu) were purchased from Cavens Laboratory Animal (Changzhou, China). These mice were maintained at 21--23 °C and a relative humidity-controlled environment and were given feed and water ad libitum to adapt to the growth environment for 2 weeks before the experiment. All surgical procedures on animals were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals for biomedical research. The protocol for this study was approved by the Animal Experiments Ethics Committee of School of Life Science in Shanghai University. All surgical procedures were performed under isoflurane anesthesia, and all efforts were made to minimize animal suffering and to reduce the number of animals used.

Cell culture and transfection
-----------------------------

Colorectal cell lines (HCT116 and HT29) and HEK-293T cells were purchased from KeyGen Biotech (Nanjing, China). These cells were maintained in 10-cm-diameter dishes containing 10 ml medium (HCT116 and HEK-293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM), HyClone; HT29 cells were cultured in RPMI 1640 medium, KeyGen Biotech) supplemented with 10% FBS (Gibco, Gaithersburg, MD, USA) and 1% penicillin--streptomycin (PS, Gibco) at 37 °C in 5% CO~2~ in air at 100% humidity.

All transfections of HCT116 and HT29 cells were conducted without FBS medium in the absence of antibiotics. For functional assays, cultured cells were starved for 8 h and then treated with overexpression plasmids using Sinofection reagent (Sino Biological, Beijing, China) for 48 h or SGK1 inhibitors (GSK650394) for 24 h. Functional rescue experiments were performed by transfecting 100 n[M]{.smallcaps} p27 siRNA into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for 24 h followed by co-incubation of 50 μ[M]{.smallcaps} (or 10 μ[M]{.smallcaps} for the rescue experiment based on EdU staining) inhibitors for an additional 24 h. MG132 (Selleck, Houston, TX, USA), a proteasome inhibitor, was used to determine whether SGK1 regulates p27 expression via the ubiquitin-proteasome-mediated system. The synthesis of siRNAs for p27 was performed by GenePharma (Shanghai, China), and the sequences are as follows: sense: 5′-ACGUAAACAGCUCGAAUUAAGTT-3′, 5′-GCGCAAGUGGAAUUUCGAUUUTT-3′, antisense: 5′-CUUAAUUCGAG CUGUUUACGUTT-3′, 5′-AAAUCGAAAUUCCACUUGCGCTT-3′. The lentiviral vector-based SGK1 short hairpin RNA (shRNA) and scrambled shRNA were constructed. The sh-SGK1 was confirmed by sequencing. The sh-SGK1 sequence was cloned into the lentiviral vector pLKO.1-TRC. An empty vector or a vector carrying the SGK1 insert was co-transfected with helper plasmids (psPAX2, pMD2.G) into 293T cells to produce lentiviruses. The stable cell lines used in the construction of animal model were established by lentiviral infection supplemented with puromycin.

Western blot analysis
---------------------

Nuclear and cytoplasmic proteins were extracted from HCT116 cells using nuclear and cytoplasmic protein extraction kits (KeyGen Biotech). Colorectal cancer tissues, subcutaneous tumor tissues and conditioned cells were lysed using RIPA buffer (Beyotime, Nantong, China) containing 1 m[M]{.smallcaps} PMSF (Beyotime). After determining protein concentration from a BCA standard curve by reading absorbance at 595 nm with a spectrophotometer, 30 μg total proteins were subjected to electrophoresis and separated on a 10% SDS-PAGE and then transferred to PVDF membranes. After blocking with 5% bovine serum albumin (BSA), antibodies against SGK1 (Abcam), P27 (Abcam, Cambridge, UK), Histone H3 (Cell Signaling Technology, West Grove, PA, USA) and GAPDH (Bioworld, Louis Park, MN, USA) were used as primary antibodies. Mouse or rabbit IgG antibodies coupled to horseradish peroxidase (HRP) were used as secondary antibodies. An enhanced electrochemiluminescence (ECL) system was used for protein band visualization.

Quantitative real-time RT-PCR
-----------------------------

Total RNA of colorectal cancer tissues was isolated using a TRIzol RNA extraction kit (TaKaRa, Kusatsu, Japan). Then, 400 ng of RNA was subjected to reverse transcription PCR with a cDNA reverse transcription kit (TaKaRa). A SYBR-Green Supermix Kit (TaKaRa) was employed to detect mRNA levels of SGK1 and p27, and a 7900HT Fast Real-Time PCR System was used to examine the expression level of SGK1. β-actin was used as a housekeeping control for normalization. The primer sequences (5′--3′) for SGK1, p27 and β-actin were as follows: SGK1 forward AGGATGGGTCTGAACGACTTT, reverse GCCCTTTCCGATCACTTTCAAG; p27 forward AACGTGCGAGTGTCTAACGG, reverse CCCTCTAGGGGTTTGTGATTCT; β-actin forward CATGT ACGTTGCTATCCAGGC, reverse CTCCTTAATGTCACGCACGAT. All reactions were repeated three times. Relative SGK1 and p27 expression was analyzed using the 2^−ΔΔCt^ method.

EdU assay
---------

The cultured HCT116 and HT29 colorectal cells were plated in 96-well plates at a density of 2 × 10^5^ cells per well after 8 h of serum-free starvation. Cells were treated with the inhibitor GSK650394 for 24 h or transfected with the overexpression plasmid or p27 siRNAs for 48 h. Cells were exposed to 5-ethynyl-2′-deoxyuridine (EdU, RiboBio, Guangzhou, China) for 2 h before staining. Cells were fixed, and cell proliferation was detected with a Cell-Light EdU Cell Proliferation Detection Kit (RiboBio) following the manufacturer's protocols. The percentage of proliferative cells was observed under a fluorescent microscope (Leica Microsystems, Wetzlar, Germany). The EdU-positive ratio was calculated from 20 random fields per well.

Cell cycle and apoptosis analysis by flow cytometry
---------------------------------------------------

HCT116 and HT29 cells were cultured in 24-well plastic plates at a density of 2 × 10^5^ cells per well, and cells treated with inhibitors, the overexpression plasmid, p27 siRNAs or 5-FU were collected. Cell cycle analysis of ethanol-immobilized HCT116 or HT29 cells was performed using propidium iodide (PI, Sigma, St Louis, MO, USA) staining followed by flow cytometry (Beckman, Miami, FL, USA). HCT116 cell apoptosis analysis was performed using Annexin V-fluorescein isothiocyanate (FITC) and PI staining according to the Annexin V-FITC Apoptosis Detection Kit (Bioworld) instructions followed by flow cytometric analysis. Cell cycle data were processed using FlowJo software (Treestar Inc., Ashland, OR, USA).

Transwell assays
----------------

SGK1 promotion of CRC migration was measured by the transwell assays performed on the HCT116 cells. Polycarbonate membranes with 8.0 μm pores (Corning, New York, NY, USA) were used. HCT116 cells (400 000 cells) treated with inhibitors or overexpression plasmid were resuspended in 200 μl medium without FBS and PS, and added to the upper chamber, and the bottom chamber was filled with 600 μl DMEM containing 10% FBS. The transwell system was incubated for 48 h at 37 °C, and then, the lower chamber cells that migrated through the membrane were fixed with 4% paraformaldehyde and were stained with crystal violet (Beyotime) for 5 min. Cells that passed through the membrane were photographed using an inverted microscope.

Immunohistochemistry of tissue sections
---------------------------------------

The nude mouse tumor xenografts treated with GSK650394 or derived from SGK1-knockdown HCT116 cells were removed, fixed in paraformaldehyde and embedded in paraffin. Then, 5-μm-thick sections were dewaxed and rehydrated using a gradient. Antigen was retrieved using high-pressure cooking, and the endogenous peroxidase activity was blocked by immersing in 0.3% hydrogen peroxide for 30 min. Then, non-specific binding was blocked with 5% BSA, followed by incubation at 4 °C overnight with the primary antibodies anti-Ki67 (Abcam, diluted 1:300) and anti-PCNA (Abcam, diluted 1:300). Secondary antibody incubation and DAB staining were performed using an SP Immunohistochemistry Kit (KeyGen Biotech). After the cells were photographed and presented at × 100 magnification with an enlarged portion at × 400 magnifications with an Inverted Research Microscope (Leica), PCNA- or Ki67-positive cells were quantified to evaluate cell proliferation in the tumor region.

Statistical analysis
--------------------

For statistical analysis, SPSS 20.0 and PRISM (GraphPad, La Jolla, CA,USA) software were used. Data are presented as the mean±s.e.m. Comparison of quantitative data was performed using an independent-samples *t*-test or one-way ANOVA test followed by Bonferroni's *post hoc* test. The correlation between SGK1 expression levels and TNM classification of malignant tumours (TNM) stages was analyzed by applying Pearson's correlation analysis. *P* values \<0.05 were considered statistically significant.

Results
=======

SGK1 is upregulated in colonic tumor tissues from CRC patients
--------------------------------------------------------------

We first compared the expression level of SGK1 in 59 pairs of tumoral and peri-tumoral samples from colorectal cancer patients. The clinical characteristics of these CRC patients used in this study were listed in [Table 1](#tbl1){ref-type="table"}. Compared with the matched peri-tumoral samples, *Sgk1* was dramatically increased in tumoral samples as shown by qRT-PCR analysis ([Figure 1a](#fig1){ref-type="fig"}). The *Sgk1* mRNA levels were not associated with TNM stage and tumor location ([Figure 1b](#fig1){ref-type="fig"}). Moreover, a significant upregulation of SGK1 in tumoral samples was also observed at the protein level ([Figure 1c](#fig1){ref-type="fig"}), indicating a potential role of SGK1 in promoting CRC development.

SGK1 promotes CRC cell proliferation and migration and inhibits the apoptosis induced by the antineoplastic agent 5-FU
----------------------------------------------------------------------------------------------------------------------

To assess the effects of SGK1 on the proliferation, apoptosis and migration of CRC cells, HCT116 and HT29 cells were treated with SGK1-overexpression plasmids, SGK1 inhibitor GSK650394 or negative controls. EdU assays and flow cytometry analysis showed that forced expression of SGK1 promoted the proliferation and the G1/S-phase transition of HCT116 and HT29 cells, while treatment with the SGK1 inhibitor GSK650394 showed the inverse results ([Figure 2a--d](#fig2){ref-type="fig"}). In addition, HCT116 cell apoptosis induced by the antineoplastic agent 5-FU was inhibited by SGK1 overexpression and promoted by the SGK1 inhibitor ([Figure 2e](#fig2){ref-type="fig"}). Moreover, transwell assays also showed that SGK1 overexpression promoted, while SGK1 inhibitor reduced, the migration of HCT116 cells ([Figure 2f](#fig2){ref-type="fig"}). Taken together, these *in vitro* results demonstrated that SGK1 promoted CRC cell proliferation and migration and inhibited 5-FU-induced apoptosis.

P27 is crucial for the role of sgk1 in CRC cell proliferation
-------------------------------------------------------------

Several studies have shown that loss of p27 function promotes cancer cell progression by targeting cyclin-dependent kinases.^[@bib29],\ [@bib30]^ Thus, we first evaluated the p27 level in HCT116 cells treated with the SGK1 overexpression plasmids or SGK1 inhibitor. The mRNA and protein levels of p27 were substantially decreased by the SGK1 overexpression plasmid, whereas they were enhanced by the SGK1 inhibitor, indicating the transcriptional regulation of p27 by SGK1 ([Figure 3a and b](#fig3){ref-type="fig"}). In addition to the loss of p27 expression, the subcellular localization of p27 and p27 degradation play pivotal roles in regulating cell cycle progression of tumor development.^[@bib31]^ Thus, we investigated the p27 expression in total cell lysates, the nuclear fraction and the cytoplasmic fraction after treatment with the SGK1 inhibitor GSK650394 and/or proteasome inhibitor MG132. The results showed that GSK650394 and MG132 could individually or jointly increase the expression of p27 in total cell lysates ([Figure 3c](#fig3){ref-type="fig"}). For subcellular p27 localization analysis, the results showed cytoplasmic loss ([Figure 3d](#fig3){ref-type="fig"}) and nuclear accumulation ([Figure 3e](#fig3){ref-type="fig"}) of p27 after GSK650394 treatment, and GSK650394 combined treatment with MG132 also resulted in nuclear accumulation of p27 in HCT116 cells. MG132 could block the ubiquitin-proteasome-mediated p27 degradation, resulting in cytoplasmic accumulation of p27 ([Figure 3d](#fig3){ref-type="fig"}). However, compared to treatment with MG132 alone, the combined treatment with GSK650394 and MG132 decreased the cytoplasmic level of p27 and increased the nuclear level of p27, indicating the promotion roles of SGK1 inhibitor in p27 nuclear accumulation ([Figure 3d and e](#fig3){ref-type="fig"}). In addition, to elucidate whether p27 contributes to the functional roles of SGK1 in HCT116 cell proliferation, siRNAs targeting p27 were used to perform functional rescue experiments. p27 siRNAs could significantly promote HCT116 cell proliferation and the G1/S-phase transition. Notably, although it failed to completely return to the control levels, p27 siRNAs could significantly attenuate the suppressive effects of SGK1 inhibitor on the proliferation and G1-to-S-phase transition of HCT116 cells ([Figure 4a and b](#fig4){ref-type="fig"}). Similar results were obtained with HT29 cells ([Figure 5](#fig5){ref-type="fig"}). However, p27 siRNAs failed to rescue the effects of SGK1 inhibitor GSK650394 in 5-FU-induced apoptosis and migration of HCT116 cells ([Supplementary Figures S1 and 2](#sup1){ref-type="supplementary-material"}). Collectively, these results indicate that SGK1 inhibitors repress colorectal cancer proliferation, at least in part via p27 increase and nuclear accumulation.

The SGK1 is essential for CRC tumor growth and cell proliferation in the subcutaneous xenotransplant mouse model
----------------------------------------------------------------------------------------------------------------

The above results provide *in vitro* evidence that SGK1 promotes CRC development. Next, we investigated the function of SGK1 in CRC tumor development using an *in vivo* subcutaneous xenotransplant mouse model. We first established the lentivirus-based SGK1 shRNA stable expression HCT116 cell line. As confirmed by western blot, SGK1 was efficiently reduced in HCT116 cells that were stably transfected with SGK1 shRNA ([Figure 6a](#fig6){ref-type="fig"}). Eight-week-old nude mice were subcutaneously implanted with HCT116-SGK1-shRNA stable cell line on day 0, and the tumor volume was calculated every 4 days until the mice were killed on day 28 ([Figure 6b](#fig6){ref-type="fig"}). In the xenograft CRC tumors harvested on day 28, tumors generated from SGK1 shRNA-stable-expression cell line displayed decreased SGK1 expression and increased p27 expression ([Figure 6c](#fig6){ref-type="fig"}), indicating that SGK1 could also repress p27 *in vivo*. In addition, SGK1 knockdown markedly reduced the tumor growth of implanted colorectal cancer as shown by the decreased tumor volume and size ([Figure 6d and e](#fig6){ref-type="fig"}). Furthermore, immunohistochemical staining of Ki67 and PCNA showed that knockdown of SGK1 impeded cell proliferation in xenograft CRC tumors ([Figure 6f](#fig6){ref-type="fig"}). Therefore, these results clearly demonstrate that SGK1 is essential for CRC tumor growth and cell proliferation *in vivo*.

Therapeutic SGK1 inhibition represses tumor growth and proliferation of implanted CRC tumor cells
-------------------------------------------------------------------------------------------------

To further explore the therapeutic effect of SGK1 inhibition on CRC, we established the xenotransplant model through injecting subcutaneously with HCT116 cells to nude mice, followed by treatment with the SGK1 inhibitor GSK650394 ([Figure 7a](#fig7){ref-type="fig"}). Mice injected with GSK650394 showed reduced SGK1 expression and increased p27 expression levels in xenograft CRC tissues on day 22 ([Figure 7b](#fig7){ref-type="fig"}). Importantly, the SGK1 inhibitor markedly reduced the xenograft tumor volume and decreased the tumor size ([Figure 7c and d](#fig7){ref-type="fig"}). Immunohistochemical analysis of proliferation markers showed a significant reduction in the Ki67- and PCNA-positive cell populations in xenograft tumors treated with SGK1 inhibitors ([Figure 7e](#fig7){ref-type="fig"}). Taken together, these data suggest that therapeutic SGK1 inhibition is sufficient to impede tumor development of implanted colorectal cancer *in vivo*.

Discussion
==========

SGK1 is involved in cell proliferation, migration, invasion and apoptosis, indicating its critical roles in cancer development. Although SGK1 has been reported to be essential for several cancers, the molecular mechanisms of SGK1 in CRC are unclear. We first showed that SGK1 was highly expressed in colonic tumor samples from CRC patients, and it was essential for CRC development via the promotion of tumor cell proliferation, migration and survival. We also demonstrated that SGK1 inhibition reduced CRC tumor growth and cell proliferation in mice. Importantly, the present study identified p27 as a pivotal downstream factor contributing to CRC development and cell proliferation promoted by SGK1.

SGK1 has been shown to promote cell growth and proliferation in several cancer cells, such as prostate, human melanoma and kidney cancer cells.^[@bib15],\ [@bib16],\ [@bib22]^ SGK1 has also been identified as a downstream factor of the PI3Kinase pathway and interacts with GSK3 and various factors of the RAS/RAF/ERK pathway, which promote cell growth and proliferative signals in both normal and malignant cellular functions.^[@bib9],\ [@bib32],\ [@bib33],\ [@bib34]^ In addition to cell growth and proliferation, cell survival and migration are also crucial for the development of cancers.^[@bib13]^ Our data demonstrated that SGK1 overexpression promoted CRC cell proliferation, migration and cell survival, whereas the SGK1 inhibitor and shRNA had the inverse effects. Moreover, in a CRC xenograft murine model, SGK1 shRNA decreased the xenograft tumor growth, suggesting that SGK1 is necessary for the development of CRC. Importantly, the SGK1 inhibitor also reduced the tumor growth and cellular proliferation in CRC xenograft models, suggesting that therapeutic inhibition of SGK1 is sufficient to prevent colonic tumor development *in vivo*.

Multiple signal pathways modulate p27 activity, and its downstream signals control the final decision of the cell cycle between progress and arrest.^[@bib35]^ Alterations in p27 expression play vital roles in colorectal carcinogenesis through regulation of cyclin-dependent kinase subunit 1.^[@bib36]^ SGK1 was shown to phosphorylate p27 and promote cytoplasmic p27 mislocalization *in vitro*.^[@bib22]^ Here we demonstrated that overexpression of SGK1 reduced, while inhibition of SGK1 increased, p27 mRNA and protein levels in HCT116 cells, suggesting the transcriptional regulation of p27 by SGK1. MG132 alone could protect p27 from degradation in the cytoplasm of HCT116 cells; however, compared to controls, the cytoplasmic expression of p27 was unchanged, while the nuclear expression of p27 was significantly increased after combined treatment with GSK650394 and MG132. It has been reported that p27 nuclear localization is essential for G1/S arrest and the exclusion of p27 from the nucleus promotes G1/S cell cycle transition. Thus, our results indicated that SGK1 inhibitors repressed the G1/S-phase transition and reduced colorectal tumor cell proliferation by increasing the expression and nuclear accumulation of p27. However, whether SGK1 inhibitors promote p27 nuclear importation or inhibit p27 nuclear exportation requires further analysis.

Furthermore, functional rescue assays showed that p27 siRNAs significantly promoted cell proliferation and attenuated cell-cycle arrest induced by SGK1 inhibitors. However, p27 siRNAs failed to fully rescue the defects of colorectal cancer cell proliferation, migration and survival caused by SGK1 inhibitors. Thus, these results demonstrated that SGK1 promotes tumor growth and cell proliferation, at least in part, through targeting p27. Other downstream factors of SGK1 should be investigated in the future.

Collectively, our results demonstrate that SGK1 is overexpressed in tumor tissues from colorectal cancer patients and plays key roles in promoting cellular proliferation, migration and survival during CRC development. Importantly, our findings indicate that inhibition of SGK1 might be a promising therapeutic option for colorectal cancer.
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![SGK1 is overexpressed in colonic tumor tissues from CRC patients. (**a**) mRNA expression of SGK1 in CRC tumor tissues compared to peri-tumor samples. (**b**) Correlation analysis of SGK1 mRNA levels with TNM stage and the SGK1 mRNA levels in different TNM stages and tumor samples. (**c**) Protein level of SGK1 in CRC tumor tissues compared to peri-tumor samples. Tissue samples for qRT-PCRs are from 59 CRC patients and for western blot are from 3 CRC patients. \**P*\<0.05. CRC, colorectal cancer.](emm2017184f1){#fig1}

![SGK1 promotes colonic tumor cell proliferation and migration and inhibits 5-FU-induced cell apoptosis. (**a**) EdU assay of HCT116 cells upon treatment with SGK1 overexpression plasmids (SGK1) and SGK1 inhibitor (GSK650394); scale bars, 200 μm; *n*=4. (**b**) Cell cycle analysis of HCT116 cells by flow cytometry; *n*=4. (**c**) EdU staining of HT29 cells; scale bars, 200 μm; *n*=4. (**d**) Cell cycle analysis of HT29 cells; *n*=3. (**e**) Cell apoptosis analysis of HCT116 cells; *n*=4. (**f**) Transwell analysis of HCT116 cell migration; scale bars, 100 μm; *n*=4; \*\*\**P*\<0.001.](emm2017184f2){#fig2}

![SGK1 regulates p27 mRNA and protein levels. (**a**) p27 mRNA levels in HCT116 cells treated with SGK1 overexpression plasmids or the SGK1 inhibitor GSK650394. (**b**) p27 and SGK1 protein expression levels. (**c**--**e**) HCT116 cells treated with GSK650394 (10 μ[M]{.smallcaps}), MG132 (10 μ[M]{.smallcaps}) or GSK650394 (10 μ[M]{.smallcaps})+MG132 (10 μ[M]{.smallcaps}) for 24 h were subjected to western blot analysis to detect p27 in total cell lysates (**c**), the cytoplasmic fraction (**d**) and the nuclear fraction (**e**). \*, 0.01\<*P*\<0.05; \*\*, 0.001\<*P*\<0.01; \*\*\**P*\<0.001.](emm2017184f3){#fig3}

![p27 is involved in the SGK1 signaling pathway for the regulation of HCT116 cell proliferation. (**a**) Relative percentage changes of the proportion of EdU-positive cells compared to control; scale bars, 200 μm; *n*=4. (**b**) HCT116 cell cycle analysis; *n*=4. \* and ^\#^, 0.01\<*P*\<0.05; \*\* and ^\#\#^, 0.001\<*P*\<0.01; \*\*\*and ^\#\#\#^*P*\<0.001.](emm2017184f4){#fig4}

![p27 is involved in the SGK1 signaling pathway for the regulation of HT29 cell proliferation. (**a**) p27 mRNA levels in HT29 cells treated with SGK1 overexpression plasmids or SGK1 inhibitor GSK650394; (**b**) P27 and SGK1 protein expression levels. (**c**) Relative percentage changes of the proportion of EdU-positive cells compared to control; scale bars, 200 μm; *n*=4. (**d**) HT29 cell cycle analysis; *n*=4. ^\#^, 0.01\<*P*\<0.05; \*\*, 0.001\<*P*\<0.01; \*\*\* and ^\#\#\#^, *P*\<0.001.](emm2017184f5){#fig5}

![SGK1 shRNA upregulates p27 expression and attenuates tumor growth and cellular proliferation in the subcutaneous xenograft mouse model. (**a**) Establishment of the lentivirus-based SGK1 shRNA stable HCT116 cell line. (**b**) Establishment of the xenotransplant mouse model; *n*=4. (**c**) p27 expression in xenograft tumor samples. (**d**, **e**) Transplanted tumor volume and size; *n*=4. (**f**) Ki67- and PCNA-positive cell populations in xenograft tumor tissues. Scale bars, 200 μm; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](emm2017184f6){#fig6}

![Therapeutic SGK1 inhibition upregulates p27 expression and represses tumor growth and cellular proliferation in the subcutaneous xenograft mice model. (**a**) The procedure of establishing a xenotransplant mouse model, followed by treatment with GSK650394; *n*=8. (**b**) p27 expression in xenograft tumor samples. (**c**, **d**) Transplanted tumor volume and size; *n*=8. (**e**) Ki67- and PCNA-positive cell populations in xenograft tumor tissues. Scale bars, 200 μm; \**P*\<0.05; \*\*\**P*\<0.001.](emm2017184f7){#fig7}

###### The clinical characteristics of the CRC patients (*n*=59)

  --------------------------------- ------------
  Age (Mean±SD, years)                 58±12
  *Gender*                          
   Male                              36 (61.0%)
   Female                            23 (39.0%)
  Heart rate (X±S, beats per min)       76±8
  BMI (X±S, kg m^−2^)                   25±4
                                          
  *TNM stage*                       
   I                                 6 (10.2%)
   II                                26 (44.1%)
   III                               19 (32.2%)
   IV                                8 (13.6%)
                                          
  *Tumor location*                  
   Colon                             32 (54.2%)
   Rectum                            27 (45.8%)
                                          
  *Comorbidity*                     
   Hypertension                      12 (20.3%)
   Diabetes mellitus                  5 (8.5%)
   Coronary heart disease            6 (10.2%)
  --------------------------------- ------------
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